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METHODS AND APPARATUS FOR OPTIMIZING 
LISTS OF WAVEFORMS 



Background of the Invention 

[0001] Electronic devices are often tested by generating a plurality of 
input patterns for the pins of a device under test, applying the input patterns 
to the device under test, capturing output patterns from the device under 
test, and then comparing the captured output patterns (or device vectors 
corresponding thereto) to expected output patterns or vectors. 
[0002] Each of the afore-mentioned patterns comprises a plurality of 
sequential states. These states may take a variety of forms, such as logic 
one (1 ), logic zero (0), high (H), low (L), or don't care (X). 
[0003] For some circuit testers, input patterns and expected output 
patterns are stored in pattern memory as sequences of smaller patterns 
(e.g., smaller patterns comprising three sequential states of the original 
pattern); and waveforms corresponding to these smaller patterns are stored 
in high-speed waveform memories. The patterns stored in the pattern 
memories are then used to address the waveforms stored in the waveform 
memories. 
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[0004] Due to the high-speed nature of the waveform memories, these 
memories are often too small to hold waveforms corresponding to all 
"potential" patterns stored in pattern memory. Decisions therefore need to 
be made regarding which waveforms to store in each waveform memory. 
The United States patent application of Hildebrant entitled "Systems and 
Methods for Testing Performance of an Electronic Device" (Ser. No. 
10/461,252 filed June 12, 2003, hereby incorporated by reference) discloses 
systems and methods for 1) examining the "actual" patterns that are to be 
stored in a pattern memory to discern which unique combinations of states 
are actually found therein, and then 2) using this information as a basis for 
determining which waveforms should be stored in a corresponding waveform 
memory. 

[0005] Sometimes, the frequency at which test data needs to be provided 
to a device under test (DUT) will exceed the operating frequency of a circuit 
tester's waveform memories. Some circuit testers therefore have a switching 
network to associate plural multiplexed waveform memories with a pin of a 
DUT. Thus, for example, the state-by-state outputs of two waveform 
memories may be interleaved to provide test data to (or to compare data to 
an output of) a pin of a DUT, thereby providing the pin or a comparator with 
test data at twice the rate that one of the waveform memories could provide 
the test data. 
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Summarv of the Inv ntion 



[0006] In one embodiment of the invention, a method comprises 
receiving a list of waveforms that is to be driven to or received from a pin of a 
device under test. The list of waveforms is then de-interleaved to form lists 
of non-interleaved waveforms. Thereafter, each list of non-interleaved 
waveforms is optimized by combining at least two of its entries. 
[0007] Other embodiments of the invention are also disclosed. 



Brief Description of the Drawings 

[0008] Illustrative and presently preferred embodiments of the invention 
are illustrated in the drawings, in which: 

[0009] FIG. 1 illustrates an exemplary circuit tester; 

[0010] FIG. 2 illustrates an exemplary method for optimizing lists of 

waveforms; 

[001 1] FIGS. 3-5 illustrate a first application of the FIG. 2 method; and 
[0012] FIGS. 6-9 illustrate a second application of the FIG. 2 method. 
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Description of th Preferred Embodim nt 



[0013] FIG. 1 illustrates a circuit tester 100 comprising a plurality of 
driving probes 102 and receiving probes 104. During circuit test, these 
probes 102, 104 are variously coupled to the input and output pins 106, 108 
of a device under test (DUT 110). The circuit tester 100 further comprises a 
plurality of waveform memories 112, 114, 116, 118, coupled to the plurality 
of probes 102, 104 via a switching network 120, 122. The circuit tester 100 
may also comprise a plurality of pattern memories 124, 126, 128, 130, from 
which data is read to address the waveform memories 1 12-118. On the 
receiving side of the circuit tester 100, circuitry 136 may be provided for 
comparing expected waveforms for the DUT 1 10 to actual waveforms 
received from the DUT 110. 

[0014] In one configuration of the circuit tester 100, the switching network 
120, 122 is used to associate plural multiplexed waveform memories with 
ones of the probes. For example, two waveform memories 112, 1 14 are 
shown to be associated with driving probe 102 via a multiplexer 132; and two 
waveform memories 116, 118 are shown to be associated with receiving 
probe 104 via multiplexer 134. In this manner, the state-by-state outputs of 
two or more waveform memories may be interleaved to provide test data to 
(or to compare test data to an output of) a pin of a DUT, thereby providing 
the pin or a comparator with test data at a frequency that is some multiple of 
that of a single waveform memory. 
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[0015] It should be noted that the particular circuit tester shown in FIG. 1 
is exemplary only, and the novel methods and apparatus disclosed herein 
may be used in conjunction with other testers, some of which may have 
alternate memory structures, architectures, and/or operational modes. 
[0016] When evaluating a test pattern (i.e., an input pattern or expected 
output pattern) for a DUT to derive patterns and waveforms for the memories 
112-118, 1 24-1 30 of the circuit tester 1 00, it is customary to evaluate the 
states of the test pattern sequentially. That is, the states are evaluated from 
the perspective of the DUT 110. This is because the purpose of test patterns 
is to test the structure and/or performance of a DUT, and when determining 
how to compress or otherwise optimize test patterns, they make more sense 
to a test designer when analyzed in this manner. 

[0017] When patterns and waveforms are to be stored in a circuit tester 
as shown in FIG. 1, and the circuit tester 100 is configured such that multiple 
waveform memories 112, 114 are relied on to generate the sequential states 
of waveforms, the sequential states of the waveforms need to be de- 
interleaved prior to being stored in the tester's waveform memories 112, 114. 
Thus, for example, the first and third bits of a 4-bit waveform would need to 
be extracted as a 2-bit waveform to be stored in a first waveform memory 
112, and the second and fourth bits of the 4-bit waveform would need to be 
extracted as a 2-bit waveform to be stored in a second waveform memory 
114. In the past, test designers have been shielded from this extraction/de- 
interleaving process. Consider, however, two waveform memories capable 
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of storing 32 waveforms eaeh. When their outputs are interleaved, the two 
memories are capable of generating 1024 distinct waveforms. However, and 
as will be demonstrated below, if the number of waveforms derived from a 
test pattern is greater than 1024, and a test designer distills a list of 
waveforms down to fewer than 1024 waveforms, de-interleaving the list will 
result in 1024 entries (and not 32). Even if redundant entries in the de- 
interleaved lists are combined, it is still very likely that the lists will each 
comprise more than 32 unique waveforms. Furthermore, if the number of 
waveforms derived from a test pattern is greater than 1024, and a test 
designer needs to mask one or more waveforms on to other waveforms, it is 
quite possible that doing so will eliminate test sample points that could 
otherwise have been maintained if the test designer had first derived de- 
interleaved lists, and then merged duplicate waveforms in the de-interleaved 
lists. FIG. 2 therefore illustrates a method 200 for mitigating some or all of 
these problems. 

[0018] The method 200 shown in FIG. 2 begins with the receipt 202 of a 
list of waveforms that is to be driven to or received from a pin of a device 
under test. The list of waveforms is then de-interleaved 204 to form lists of 
non-interleaved waveforms. Thereafter, each list of non-interleaved 
waveforms is optimized 206 by combining at least two of its entries. 
[0019] An exemplary list of waveforms 300 is shown in FIG. 3. The list 
300 comprises three waveforms: HLHL, LHLH, and LLLL. If these 
waveforms are to be stored across two waveform memories, two lists of non- 
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interleaved waveforms 400, 402 may be derived from the FIG. 3 waveforms, 
as shown in FIG. 4. 

[0020] The entries of a list of non-interleaved waveforms may be 
combined in a number of ways. For example, entries may be combined 
based on identity of the entries (since it is inefficient to doubly store the same 
waveform in a single waveform memory). Referring to the lists 400, 402 
shown in FIG. 4, one notes that each list contains redundant entries (i.e., LL 
appears twice in each list). The redundant entries may therefore be 
combined, and the resultant optimized lists 500, 502 (FIG. 5) may be used to 
program different waveform memories of a circuit tester. Optionally, the 
optimized lists 500, 502 may be re-interleaved for presentation to a test 
designer in a user-friendly format. 

[0021] At times, a simple combination of identical list entries will not yield 
lists having fewer entries than a tester's waveform memory size. List entries 
may therefore need to be optimized in other ways. In other words, a 
waveform entry of one type may need to be masked by a waveform entry of 
another type (e.g., the entry HL might be masked by the waveform HX); or 
two or more entries may need to be masked by a waveform that does not yet 
appear in their list. Choosing which entries to mask is a difficult task, 
however, as different maskings typically result in different numbers of test 
sample points being dropped, and it is typically desirable to make masking 
choices that preserve a greatest number of test sample points. Also, some 
maskings of interleaved waveforms yield absolutely no reduction in the 
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number of waveforms appearing in de-interleaved waveform lists. For 
example, and referring to FIGS. 3 & 4, the masking of waveform LLLL with 
don't care states (i.e., to waveform XXXX) does not eliminate waveform LL 
from either of the de-interleaved lists 400, 402 shown in FIG. 4. 
[0022] The United States patent application of Hildebrant entitled 
"Methods and Apparatus for Optimizing the Masking of Waveforms to 
Reduce the Number of Waveforms in a List of Waveforms" (Atty. Dckt. No. 
10030556-1, filed on the same date as this application and hereby 
incorporated by reference) discloses methods and apparatus for masking 
waveform list entries in accordance with weights. For example, the number 
of times a waveform is encountered in a test pattern may be tracked, and 
this number may then be assigned to the waveform as its "statistical weight". 
Or, for example, the importance of a waveform being preserved is 
determined, and is assigned to the waveform as its "priority weight". A 
waveform may be deemed to have a greater priority because, for example, it 
is the only waveform (or one of a few) that may expose a particular fault. 
The use of weights in combining waveform entries is shown herein in FIGS. 
6-9. 

[0023] FIG. 6 illustrates the same list of waveforms shown in FIG. 3, but 
with each entry in the list being associated with a weight. For example, the 
waveform HLHL has a weight of "3", indicating that it was encountered three 
times within a given test pattern. When the list 600 shown in FIG. 6 is de- 
interleaved, the weight associated with each entry in the original list 600 is 



10030558-1 _g_ 

associated with corresponding entries in each of the resultant non- 
interleaved lists 700, 702 (FIG. 7). In this manner, the weights may be 
multiplied by the number of test sample points appearing in their associated 
waveform, and choices regarding waveform maskings may be made to 
preserve a greatest number of test sample points (e.g., as described by the 
United States patent application of Hildebrant entitled "Systems and Methods 
for Testing Performance of an Electronic Device" (referenced supra)). 
[0024] When combining entries in the lists of non-interleaved waveforms 
700, 702, the weights associated with combined entries are summed or 
otherwise combined (see FIG. 8). Following optimization of the lists 700, 702 
shown in FIG. 8, the lists may be re-interleaved for presentation to a test 
designer in a user-friendly format. In one embodiment, prior to re- 
interleaving the optimized lists 700, 702, the entries of the optimized lists are 
ordered in accordance with the weights of their entries (and optionally, the 
weights of the two interleaved lists are displayed with their corresponding 
interleaved waveforms (see list 900 in FIG. 9)). 

[0025] In the examples shown in FIGS. 3-9, the same number of entries 
is maintained in each optimized list. However, this need not be the case, 
and each list may be optimized to yield a different number of waveform 
entries. Further, it is not necessary that each and every non-interleaved list 
be fully or even partially optimized. Thus, if a list of non-interleaved 
waveforms will fit within a waveform memory without optimization, it need not 
be optimized. Or, if a list of non-interleaved waveforms will fit within a 
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waveform memory after undergoing only some optimizations, it need not be 
optimized any further 

[0026] The above-described methods may be embodied in program code 
stored on a number of computer readable media. By way of example, the 
program code may take any of a variety of forms, including object code, 
machine code, or code embedded in an EEPROM. Likewise, the computer 
readable media may take any of a variety of forms, including optical discs, 
computer memory, a fixed disk, server storage, RAM or ROM. If any of the 
methods described herein are embodied in program code, the program code 
may define an interface to receive the list of waveforms that is to be driven to 
or received from a pin of a device under test. The program code may further 
comprise an interface to receive an interleave factor (which interface may be 
integrated with, or distinct from, the interface that receives the list of 
waveforms). If received, the interleave factor may be used by the program 
code to determine how many lists need to be de-interleaved from a list of 
waveforms. 

[0027] If one or more of the methods described herein is embodied in 
program code, the program code may be sold or delivered by means of its 
own computer readable media (e.g., an optical disc), or by integrating the 
program code with (or installing the program code on) a circuit tester such as 
that which is shown in FIG. 1 . 



[0028] 



While illustrative and presently preferred embodiments of the 
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invention have been described in detail herein, it is to be understood that the 
inventive concepts may be otherwise variously embodied and employed, and 
that the appended claims are intended to be construed to include such 
variations, except as limited by the prior art. 



